We discuss some implications of the recently suggested Swampland conjecture |∇V | V c ∼ 1, together with a previous one ∆φ 1. We list some implications for particle phenomenology and the Early Universe. The most intriguing implication of the conjecture could be a significant shift in allowed inflationary models, if not ruling out slow-roll (single field) inflation altogether. The tension of inflation and the conjecture does not only regard the amplitude of the tensor spectrum, but also its tilt, as c 1 implies both a yet unobserved tensor to scalar ratio, and an enhancement of the observed scalar power spectrum on large scales in discord with current data that favors a suppression on these scales. Scalar fields are abundant in theories of quantum gravity. Considering a second scalar field, its dynamics are dictated by the relation between its mass, m, and the Hubble parameter, H, at different epochs in the history of the Universe. This scalar field, a drainon, fulfills the conjecture draining up the swampland. For Inflation, this drainon requires a modest hierarchy compared to the inflaton.
Introduction
Based on a refinement of the Weak Gravity Conjecture (WGC), it has been suggested that for any consistent theory of Quantum Gravity there exists an inequality [1] :
The authors in [1] give some supporting evidence for this claim, and in return it has been used to place bounds on the validity of inflationary and quintessence models [2] . In the literature there are known counter examples to the conjecture, [3] [4] [5] [6] [7] [8] . However, there always seem to be lingering doubts about the validity of these constructions, for example, [9, 10] . Therefore it makes sense to consider the implications of the conjecture on phenomenology, and whether the conjecture is true or may have to be revised. Let us stress that the argument is not limited to the specific point, but rather some domain in field space. Therefore, the argument states that within a domain, ∆φ, the inequality holds. Furthermore, earlier conjectures and some explicit examples suggest C2: ∆φ M pl , (1.2) in field space [11] . Beyond ∆φ ∼ M pl additional light states are expected to appear in the spectrum of the theory invalidating the analysis. Taken each criterion separately, phenomenological implications seem rather minimal. It may cast doubts on the validity of some inflationary models, but the literature is filled with constructions that fulfill one of the criterion or the other.
However, taking into account both criteria seems to severely constrain low energy effective field theories. Various suggestions and interpretations have been put forward [12, 13] . The interpretations involve several logical paths.
• Revising C1, for example, taking c to be of the order of the slow-roll parameters c ∼ O(0.01).
• Revising ΛCDM and/or Inflation, pointing towards quintessence as the cause of present acceleration and bouncing models rather than inflation as the mechanism that fits the known CMB data.
• Disproving the conjectures via explicit constructions
• A combination of the above.
In this note, we analyze two approaches. First, we stick to strictly single field analysis and discuss the implications of the criteria for Higgs Physics and Inflation. Regarding the Higgs field, the criteria are in contradiction with the standard picture of spontaneous symmetry breaking and the electroweak phase transition. Regarding Inflation, we show that even C1 by itself, for any field range leads to interesting bounds on the tensor to scalar ratio r. The bound on r is due to the correspondence between the slow-roll parameters and the CMB observables.
Second, the spectrum of any realistic fundamental theory is never a single field. The Standard Model fields are an immediate example. Even if single field inflation was realized in nature, fundamental theories and in particular string theory predict the existence of additional scalar fields, but their energy density and dynamics are negligible compared to the inflaton, which is why we can neglect them in deriving predictions of single field model or in analyzing inflationary dynamics. Specifically, the curvaton does not affect the inflationary dynamics, but its dynamics may have generated the observed CMB scalar spectrum [14] . Hence, to fulfill both criteria we have to take into account all fields. We show how a second scalar field, a "drainon", allows to fulfill both criteria, hence draining the swampland. We apply the drainon idea for inflation and the thermal history of the Universe after inflation. For the evolution of the Universe after inflation, the criteria plus simplicity point to the drainon being a coherently oscillating scalar field, strengthening the case for such Dark Matter models. For inflation, the drainon is stuck at some point of the potential like a curvaton, but has no observable consequences.
2 Single Field Implications
Higgs, Spontaneous Symmetry Breaking and Particle Phenomenology
Taken at face value, it seems the criteria C1,C2 have far reaching consequences beyond what has been discussed, and might be a too restrictive requirement. First, taken at face value, the bound precludes the existence of any extrema in the relevant field range ∆φ, since for both maxima and minima ∇V = 0 at finite, positive V . Consider the simplest Mexican hat potential of spontaneous symmetry breaking:
where v is the location of the minimum. For example, it is v = 246GeV for the SM Higgs.
The bound C1 works well if we take φ → ∞, (actually it works for φ > v, thus fulfilling C2 as well), but it immediately fails for the maximum, where φ → 0. Hence, the bound forbids such potentials as a good low energy effective description. Notice, that unlike inflation or quintessence that require ∆φ ∼ 1, in the SM -the Mexican hat Higgs potential, the field difference between the two extrema has ∆φ ∼ 10 −16 . If the bound is true, it means that such effective description is useless much earlier than ∆φ ∼ 1. Since the Mexican hat is a prototype of spontaneous symmetry breaking (SSB), the bound does not just put inflation in tension and rules out a Cosmological Constant. Rather, it also forbids a potential description of SSB, and phase transitions. Hence, to be consistent with C1, C2, we shall need a different description of Physics using different degrees of freedom. To avoid such a consequence, one can refine the bound, by limiting it dS minima, i.e
where λ is one of the eigenvalues of the Hessian, so extrema are possible, but no dS meta-stable minima. In both cases, it will require the simple SM Higgs to be part of more comprehensive analysis that includes additional degrees of freedom that are not at their minimum as long as their potential is positive. We will do so in the next section.
Since the bound C1, is valid in some effective domain ∆φ ∼ 1 according to C2, we can integrate it. The integral version of the bound yields:
for some positive V 0 . So the only allowed positive potentials are very steep monotonic ones that grow or decay faster than exponentials. A lot of the stringy constructions do involve decaying exponentials based on gaugino condensation or instanton corrections [7] . However, for most viable particle phenomenology or cosmology, we do expect some appropriate polynomial behavior, or at least some local extrema that the Universe can inflate off, or generate viable particle phenomenology. Prior to the discussed bound, some cancellation of these exponentials was expected and is a well known challenge of string phenomenology. However, if the bound does not allow even such a delicate cancellation, it is hard to think of reasonable approximate low energy equilibrium phenomenology.
Inflation and C1
Consider
This is in one to one correspondence to the first slow-roll parameter ǫ even for multi-field models and for curved field spaces. Spelling the different terms explicitly
where i, j run over all the relevant degrees of freedom, g ij is the inverse metric of the field space and a subscript denotes differentiation. If c is really order unity, it seems slow-roll inflation is ruled out, and bouncing models are favored for two reasons. First, in bouncing models one needs "fast-roll", i.e. ǫ ∼ c 2 > 1, so this is fulfilled. Better yet, both for matter bounce and ekpyrotic scenarios, the potential is negative, so C1 is irrelevant all together. If so, then working alternatives require at least two fields, with various predictions including observable GW signal on CMB and/or Laser Interferometer scales [15] .
Focusing back on inflation, let us relax a bit C1 and C2, as these criteria are parametric, rather than strong absolute bounds. The reason is that C2 does not contradict a whole class of small field models and even within that class, observable r is achievable [16] . So our working assumption is that C2 is easily fulfilled. Using the standard expressions:
current data imposes 0.95 ≤ n s ≤ 0.97 and r < 0.064 [17] .
We want inflation to be in accord with the data and C1, without any assumption on the distance travelled in field space. Here we will see the crucial role of getting exact estimates on c. Considering a canonical single field, C1 states:
The second inequality (2.8) gives a bound η > −0.025 that corresponds to c = 0. Otherwise, the first inequality (2.7) is more stringent. Let us note, that C1 not only pushes r to be as large as possible, it also makes n t more negative. Hence, it predicts enhancement of power on the largest scales, in discord with current measurements that favor some suppression of power, though at the level of 2 − 3 σ [17] . If r was arbitrarily small, this enhancement wouldn't matter. But since C1 pushes r to be as large as possible, it means this enhancement will be significant. If we limit the allowed enhancement to 10%, then we have another bound from n t giving c < 0.14. In any case, both the tilt and the amplitude of GW in single field inflation disfavor c ∼ 1 and push it down at least towards c ∼ 0.1.
We reach the following conclusion. If c ∼ 0.01, then C1,C2 may rule out some models of inflation, but at least a whole class of small field models is valid. If c ≃ 1, then single field inflation is at odds with C1. Finally, there is the interesting regime of c ∼ 0.1. If true, then we should expect a near future detection of r, and we need to address what models are in accord with the data, C1, and C2.
Regarding model selection, even considering small field models, as we have explained in the context of Higgs physics, if C1 has any truth in it, then models inflating off an extrema such as V (φ) = Λ 4 (1 − a 2 φ 2 + · · · ) are disfavored, since they will have V φ → 0 as we approach the extrema, regardless of how small c is. So even if we relax c ∼ 1, it still favors small field models of inflection point type, as in [16] , and not inflating off an extremum.
An interesting consequence of such limited inflation models, is the avoidance of eternal inflation and the multiverse, as that will require a region if field space with the spectrum of
that is unlikely to exist in the region of ∆φ ∼ 1 where the observed e-folds of inflation occurred [18] . However, all these consequences are considering strictly single field, that is a toy model and not a realistic spectrum of particles. In the next section, when we introduce the drainon we shall see, that it allows us to push towards c ∼ 1.
Once the drainon field is taken into account, then at least all small field models are on the same footing again, and are viable models of inflation.
The Drainon Field
As we have explained, in any realistic theory, there are many fields in the spectrum. Thus, the criteria C1,C2 should be discussed while taking into account these additional fields. If we consider these additional fields, then the tension with SSB and phase transitions, quintessence and some inflationary models go away, as one field can be near an extrema, while the other is having an order unity gradient. Considering the field equation for a scalar field:
If H ≫ m = V ′′ then the field is stuck at some point in the potential, or if it is the inflaton it slowly rolls down the potential. However, if m ≫ H the field can be integrated out during inflation, or it coherently oscillates in other epochs. Depending on the properties of the potential the oscillating field can behave as various forms of matter. For a monomial potential, V (φ) = λ |φ| n n , the oscillating scalar behaves as energy density with the equation of state w = (n − 2)/(n + 2), [19] . Hence, a massive free field behaves as dust, and can serve as a dark matter candidate. The field's oscillations do not have to be ∆φ ∼ 1, they can be much less, then C2
proposes no problem to such models.
The Post Inflationary Universe
As the authors [1] explicitly suggest, a massive scalar field is in accord C1, C2,
taking a proper limit for φ = 0, and C1 and C2 are trivially fulfilled for 0 < φ ≤ M pl . Hence, we can think of an oscillating scalar field. If we have a massive, approximately free field in our theory, then once the Hubble parameter drops below its mass H < m the field will start to oscillate, and behave as dust with equation of state w = 0. If our sole attempt is to fulfill C1 and C2, all we need is a scalar field with mass m > T 2 rh /M pl , where T rh is the reheating temperature, and we are guaranteed C1,C2. Better yet, since we are discussing properties of a would be quantum gravity theory, then our current best candidate, String Theory, actually predicts an Axiverse, i.e. that the particle spectrum is filled with axions on decades of mass all the way down to m ∼ 10 −33 eV [20] . So at every decade from T rh we expect an axion with m > H that will oscillate and therefore C1,C2 are fulfilled, at least from radiation domination until today even if there is no observable effect ever. Basically, this is the curvaton idea, where a light scalar field is stuck at some point on the potential during inflation, and later starts to oscillate and produces the observed CMB temperature fluctuations. Unlike the curvaton, here we do not need the drainon to produce the spectrum.
Since we are driven to consider an oscillating scalar field in our spectrum, for the sake for predictivity we can suggest the drainon as a DM candidate, for example, m ≃ 10 −22 eV and f = 10 17 GeV , with the axion potential
as recently analyzed in [21] . If the axion DM actually acts as a drainon as well it has an interesting implication regarding the current acceleration and the CC. Considering the Friedmann equation in ΛCDM, and neglecting radiation:
Since Ω Λ0 ∼ Ω m0 , if Ω m0 is an oscillating scalar field, C1 and C2 are fulfilled, and current acceleration still can be explained as a CC. Only if we consider the very far future when the energy density will be so small that even the lightest axions (perhaps as light as m ∼ 10 −33 eV ) can be integrated out, and we will be strictly left with a CC, only then a CC is in contradiction with C1.
Inflation and the Drainon
Inflation is the paradigm with the biggest tension with C1 and C2. Popular inflationary models typically have ∆φ 1, i.e. they violate C2. Worse, all simple single field models require
The fact that √ 2ǫ ∼ c ≪ 1 is a requirement of small field models as well with ∆φ ≪ 1.
A crucial question regarding inflation, is what fields participate in the gradient in C1. Since C1 and C2 are arguments regarding a low energy effective theory, there is a cut-off up to which the theory is trustable. Beyond that cut-off additional degrees of freedom or operators kick in, and have to be included in the analysis. In the context of Inflation, the lowest possible cut-off is given by the Hubble parameter, H. If the cut-off is of higher energy, it means more fields can contribute to the gradient and help fulfill C1. Hence, for a meaningful analysis, our working assumption will be that the cut-off is H and the question whether low energy effective theories fulfill C1 or not, will include only degrees of freedom with mass lower than the Hubble parameter, m < H.
The solution of an oscillating scalar field to fulfill C1 cannot work here as there are two options. Either m ≫ H and then we can integrate it out of the spectrum, or m ≪ H, where we expect the field to be stuck or slowly roll. If it is near the minimum, then the quantum fluctuations are larger than the classical behavior, and we cannot describe the behavior of the field as oscillating around the minimum 1 . If the field is at φ ≫ H the semiclassical analysis is valid. However, in such a case it is difficult to have a field with negligible energy density, so it would not affect inflation on the one hand, and still actively contribute to the gradient of the potential to push c towards unity on the other hand.
Let us consider two scalar fields, the inflaton φ 1 that is responsible for the observed power spectrum, and fulfills ∆φ 1 1, and a second field φ 2 , that its sole purpose is a drainon, such that M pl |∇V | V ∼ 1. 2 For simplicity, let us consider a massive free field as the drainon. We assume the energy density of the universe to be dominated by the inflaton, i.e. V (φ 1 ) ≫ 1/2m 2 φ 2 2 . Hence, during slow-roll:
Substituting (3.5) and (3.6) into (3.8) , and denoting 3.9) where in the inequality we have used φ 2 ≤ M pl in accord with C2. So we see that c ∼ m 2 /H 2 ≪ 1, that has to be less than unity.
This limitation works well also with other forms of the potential like other powers or exponentials. Once we increase the derivative we also increase the potential, and then either we cannot neglect the energy density of the drainon, or it is not lighter than the Hubble parameter, or we cannot increase c significantly beyond the standard slow-roll result, in discord with C1. The way out lies in quantum corrections. If the potential of the drainon is a logarithm, fluctuations are larger then the potential and C1 is fulfilled. Given minimal assumptions, this seems to be the behavior of the SM Higgs field during inflation [22] . 2 Hybrid Inflation models [23] are an immediate example of two field models, but they immediately fail C1 and C2 for the following reason. Until the waterfall transition, one field is heavy and can therefore be integrated out. The outcome is single field inflation with large field excursion in ∆φ 1 ≫ M pl in discord with C2 and with M pl V ′ /V << 1 in discord with C1. If the second field is light, then at its minimum it does not contribute to the gradient, and away from the minimum behaves as a curvaton. It could be the drainon provided it follows the analysis described in the text. We thank the anonymous referee for raising the question.
then its energy density increases logarithmically while its derivative increases with a power law.
Such a potential can come from soft SUSY breaking and has been suggested as the running mass inflationary model [24] . Due to the non-polynomial nature of the potential, the model evaded some general effective field theory arguments about small and large field models [16] .
Consider the potential for the drainon:
where Λ and φ * are some energy scales. For φ 2 ≃ φ * the energy density is completely negligible, and increases only logarithmically. For φ * M pl we easily fulfill C2 for both the inflaton and the drainon throughout inflation. Let us repeat the previous exercise:
Substituting (3.11) , (3.12) and (3.13) into (3.14) , and denoting √ 2ǫ = M pl |V φ 1 | V , that should give us standard slow-roll inflation, we get 3.15) So, for φ 2 ∼ φ * ∼ M pl we get c ∼ 1, the drainon has a completely negligible energy density so it does not affect the global evolution of the Universe and its mass is smaller than the Hubble parameter, so the field cannot be integrated out and it exists in the field spectrum. On the other hand, it comes close to saturate the bound of (1) . Hence, we have shown why the drainon drains most of the swampland for both inflation and post-inflation evolution of the Universe.
Summary
The conjectures C1 and C2, and their predecessor the weak gravity conjecture, seem to pose an interesting challenge for Inflation, particle phenomenology and the CC. We have shown that the main challenge lies when assuming a model of a strictly single field, while considering a more realistic model allows to introduce a drainon that drains most of the swampland. Given an oscillating massive scalar, the problem of the present acceleration is pushed into the distant future, where H < 10 −33 eV , and the possibility of inflation is tenable given a drainon with a logarithmic potential. The underlying motivation of the recent C1 and C2 conjectures is the difficulty in constructing a dS metastable vacua or inflationary model from the basic ingredients of a given string theory compactification. As such, having to accommodate a drainon field could be even more challenging. However, if model builders do mange to construct metastable dS or inflation in string theory explicitly, then the conjectures become irrelevant anyway and the drainon unnecessary. Given the weak evidence of the conjecture C1, the knowledge of the actual value of c and the fact that a drainon seems to work rather well even for inflation, it seems premature to deviate from Inflation and ΛCDM that until now have been such a successful match to the data.
Note added: The fact that C1 is in contradiction with Particle Physics phenomenology that will require a revision of the conjecture discussed here, was derived independently by the author prior to the appearance of [12] . Since the appearance of the preprint, a revised version of C1 was promoted in [25] , much in line with the revision suggested here.
